The aim of this study was to assess the effects of chronic free fatty acid (FFA) exposure on gene expression and the functional state of human pancreatic islets. Chronic exposure of islets to oleate (OA) resulted in a significant reduction in glucose-stimulated insulin secretion (GSIS) compared with control (466G82 vs 234G57 ng/mg DNA, P!0 . 05). OA treatment also led to reduction in total insulin content of the islets (17 609G3816 vs 10 599G3876 ng insulin/mg DNA) and to an increase in the rate of reactive oxygen species (ROS) generation. Interestingly, the suppressive effects of OA on biosynthesis and secretion of insulin were accompanied by alteration in the expression of 40 genes, as determined by microarray analysis and subsequent qPCR validation. The majority of genes regulated by OA encoded metabolic enzymes. The expression of enzymes involved in oxidative defense was elevated, indicating a link between ROS generation and antioxidant defense activation. Additionally, pretreatment of human islets with OA led to a significant increase (30%) in the rate of oxidation of this fatty acid and to a significant decrease (75%) in glucose oxidation. Importantly, individual analysis of gene clusters from the islets of all donors revealed the induction of genes involved in inflammation and immunity, which provides further evidence that FFA are risk factors for the development of type 2 diabetes. In summary, our data indicate that chronic exposure of human islets to FFA activates inflammatory and metabolic pathways that lead to oxidative stress, reduced b-cell insulin content, and inhibition of GSIS.
Introduction
Type 2 diabetes (T2D) is a multifactorial disease and its etiology is attributed to a combination of genetic and environmental factors (Haslam & James 2005) . Defects in b-cell function are critical in the development of both T1D and T2D. The prevalence of obesity in modern societies has increased dramatically over the past few years and has reached epidemic proportions. Obesity is closely related to insulin resistance and hyperinsulinemia and the very frequent combination of obesity and T2D is characterized as 'diabesity' (Koulouridis 2004) . A multitude of factors contribute to the pathogenesis of T2D including inflammatory cytokines, increased concentrations of free fatty acids (FFA), adipokines, impaired mitochondrial function through defects in mitochondrial lipid oxidation, endoplasmic reticulum (ER) stress, and chronic hyperglycemia (referred to as glucotoxicity; Stumvoll et al. 2005) .
Since T2D is a heterogeneous clinical entity, determining its causes and consequences is a challenging issue. High-throughput methods, such as microarrays, allow the screening of a large number of genes in a relatively short period of time (Stoughton 2005) . To date, there are no published studies that have used microarrays to identify candidate genes and relevant metabolic and signaling pathways regulated by FFA in human pancreatic islets. This is primarily due to the scarcity of human tissue for research purposes (Haber et al. 2003 , Newsholme et al. 2007b . Alterations in patterns of expression of multiple genes can offer new insights into regulatory mechanisms, biochemical pathways, and potentially aid in the development of unique therapeutic drug targets.
A plethora of studies has indicated that chronic exposure of b cells to elevated levels of FFA is accompanied by the loss of glucose-stimulated insulin secretion (GSIS) and a decrease in total insulin content (Paolisso et al. 1995 , Mason et al. 1999 , Lupi et al. 2002a . Additionally, the consensus from numerous studies indicates that monounsaturated as well as the majority of polyunsaturated fatty acids are well tolerated as opposed to long-chain saturated fatty acids that are the most toxic to b cells (Haber et al. 2003 , Newsholme et al. 2007b . Oleate (OA) has been shown to induce defects in GSIS in numerous pancreatic b-cell lines as well as rodent and human islets (Haber et al. 2006) . However, its toxicity is minimal since no significant induction of apoptosis in b cells with this fatty acid has been reported (Newsholme et al. 2007b) . Thus, for the purpose of our study, we used OA as the FFA of choice in order to eliminate possible toxic effects on pancreatic islets. Here, we used oligonucleotide microarrays and quantitative real-time PCR in order to examine the role of chronic FFA exposure in human islets on a genome-wide scale. In addition, we examined various pathways involved in b-cell function/ physiology. Importantly, individual analysis of gene clusters from the islets of all donors revealed the induction of genes involved in reactive oxygen species (ROS) activity, inflammation, and immunity. This provides evidence that chronic exposure of human islets to FFA activates inflammatory and metabolic pathways that lead to oxidative stress, reduced b-cell insulin content, and inhibition of GSIS.
Materials and Methods

Fatty acid preparation
OA bound to fatty acid-free BSA was prepared by stirring 4 mmol/l OA with 5% (wt/vol) BSA in Krebs-Ringer HEPES buffer (KRBH) for 30 min at 50 8C. Quantitative determination of FFA in the resulting solution was achieved by the use of the NEFA C test kit assay (VWR International, Canada).
Human islet isolation and culture
Human islets were obtained from the Clinical Transplantation Laboratory at the University of Alberta from non-diabetic human cadavers. Human islets were isolated following the Edmonton Protocol (O'Gorman et al. 2005) and cultured in RPMI 1640 medium supplemented with 5 . 5 mmol/l glucose, 10% fetal bovine serum, 25 mmol/l HEPES, 2 mmol/l L-glutamine, 100 Units/ml penicillin, and 100 mg/ml streptomycin, in a 37 8C humidified chamber. Human islets were incubated in RPMI 1640 containing 5 . 5 mmol/l glucose and treated for 48 h with either 0 . 5% (wt/vol) BSA or 0 . 4 mM OA in BSA. Human islet donor information is summarized in Supplemental Table 1 , which can be viewed online at http://joe.endocrinology-journals. org/content/vol196/issue3/.
Insulin secretion experiments and insulin content determination
Human islets (20 islets/well) were preincubated for two sequential periods of 30 min in KRBH buffer (components (128 . 8 mmol/l NaCl, 4 . 8 mmol/l KCl, 1 . 2 mmol/l KH 2 PO 4 , 1 . 2 mmol/l MgSO 4 , 2 . 5 mmol/l CaCl 2 , 5 mmol/l NaHCO 3 , and 10 mmol/l HEPES) containing 2 . 8 mmol/l glucose and 0 . 1% BSA in a 37 8C humidified air incubator. The islets were incubated in KRBH buffer containing low (2 . 8 mmol/l) or high (16 . 7 mmol/l) glucose concentrations for 1 h. Insulin in the supernatant was determined using an RIA kit (Linco Research Inc., St Charles, MO, USA). Insulin secretion measurements were normalized to total DNA content in the sample. The total cellular insulin (50 islets/well) content was extracted by sonication in buffer containing 75% ethanol/1 . 5% (vol/vol) HCl to ensure complete cellular lysis. The content was assessed by means of RIA as described previously (Wang et al. 2004) . The DNA content of the human islets was measured from the ethanol/HCl solution using a spectrophotometer.
Intracellular ROS measurements
Human islets were treated for 48 h with 0 . 4 mmol/l OA and incubated in KRBH buffer containing 5 . 5 mmol/l glucose, 0 . 4 mmol/l OA, and 10 mmol/l DCFH-DA for 30 min at 37 8C. Fluorescence was recorded using an Olympus BX51W1 fluorescent microscope fitted with a 10!/0 . 30 water immersion objective and cooled CCD camera equipped with a magnification changer (U-TVCAC, Olympus, Carsen Group Inc., Markham Canada). Measurements were performed at 480 nm excitation and 510 nm emission using a xenon lamp-based DeltaRam high-speed monochromator and video camera. The collected data were analyzed using the ImageMaster 3 software (Photon Technology International Inc., London, ON, Canada).
RNA extraction and gene expression profiling
Total RNA was isolated from human islets (1000 islets) using TRIzol reagent (Invitrogen Inc.) and further purified by the RNeasy kit (Qiagen Inc.), according to the manufacturer's instructions. For each Affymetrix GeneChip, total RNA was prepared for hybridization and subsequently hybridized according to the recommendations from Affymetrix (Santa Clara, CA, USA). In all, islet preparations from five donors were processed using the U133A Affymetrix GeneChips. The GeneChips for microarray analysis were processed on two separate occasions.
Primer design, reverse transcription, and quantitative real-time PCR Primers were designed using the software Primer Express (PE Applied Biosystems, Perkin-Elmer, Foster City, CA, USA). Each 10 ml reaction mix consisted of 6 ml real-time PCR master mix and 4 ml template. Real-time PCR mix contained 1! PCR buffer, 3 mmol/l MgCl 2 , 0 . 2 mmol/l dNTP, 1 nmol/l forward and reverse primers, 1:50 dilution of ROX reference dye, 3:100 000 dilution of SYBR Green I, and 0 . 
Microarray data analysis
The expression levels from microarrays along with the present/absent calls were calculated using GCOS ver. 1.2 (Affymetrix) with the statistical algorithm from MAS5. The setting used for GCOS analysis were the following: Alpha1: 0 . 05, Alpha2: 0 . 065, Tau: 0 . 015, Gamma1H: 0 . 0045, Gamma1L: 0 . 0045, Gamma2H: 0 . 006, Gamma2L: 0 . 006, Target: 500, NF: 1. Genes chosen for the analysis were of present calls in all samples analyzed by GCOS. Furthermore, GCOS analysis included paired samples treated with fatty acids from each individual donor eliminating variables such as age and sex. Novel biological patterns in our microarray data were identified using L2L, a database consisting of lists of differentially expressed genes compiled from the published mammalian microarray studies. With the L2L database, we systematically compared our own list of differentially expressed genes with a database of lists of differentially expressed genes that were derived from the published microarray data, and identified common expression patterns.
Glucose oxidation
Glucose oxidation was determined by measuring the formation of 14 CO 2 from [U-14 C]glucose (Gaidhu et al. 2006) . Groups of 200 islets were incubated in 2 ml microtubes containing 500 ml KRBH (pH 7 . 4) containing 0 . 4 mCi/ml
14 C]glucose plus non-radioactive glucose to a final concentration of either 2 . 8 or 16 . 7 mmol/l. The buffer was gassed with O 2 :CO 2 (95:5%) for 30 min prior to the onset of the experiment. The microtubes containing islets were placed in standard 20 ml scintillation vials. The scintillation vials were then capped airtight using rubber stoppers and gassed with O 2 :CO 2 (95:5%) for an additional 30 s. Subsequently, the vials were shaken continuously at 37 8C for 120 min. The assay was terminated by injecting 200 ml H 2 SO 4 (4 mol/l) into the microtube.
14 CO 2 liberated from the incubation medium was captured by a subsequent injection of 500 ml phenylethylamine-methanol (1:1) through the rubber stoppers into the scintillation vials. After 2 h at 37 8C (to allow the liberated 14 CO 2 to be trapped by phenylethylaminemethanol), the cap was removed, and 10 ml scintillation fluid was added to each vial. Non-specific (NS) 14 CO 2 produced was measured by incubating vials containing all buffers but lacking islets. The NS values were subtracted from all conditions. Radioactivity was measured in a liquid scintillation counter.
OA oxidation
OA oxidation was measured by the modification of a method described previously (Patane et al. 2000) . In brief, groups of 200 islets were placed in 2 ml microtubes containing 500 ml KRBH (pH 7 . 4) containing 0 . 4 mCi/ml
14 C]OA and non-labeled OA (final concentration 20 mmol/l), 5 . 5 mmol/l glucose, 2% BSA, and 0 . 8 mmol/l L-carnitine. The buffer was gassed with O 2 :CO 2 (95:5%) for 30 min prior to the onset of the experiment. The microtubes were placed in standard 20 ml scintillation vials, gassed with O 2 :CO 2 (95:5%) for an additional 30 s, and then capped airtight using rubber stoppers. The vials were then shaken continuously at 37 8C for 120 min. The assay was terminated by injecting 200 ml H 2 SO 4 (4 mol/l) into the microtube. 14 CO 2 liberated from the incubation medium was captured by a subsequent injection of 500 ml phenylethylamine-methanol (1:1) through the rubber stoppers into the scintillation vials. After 2 h at 37 8C (to allow the liberated 14 CO 2 to be trapped by phenylethylaminemethanol), the cap was removed and 10 ml scintillation fluid was added to each vial. Control (NS) incubation-lacking islets were run with each series. The NS values were subtracted from all conditions. Radioactivity was measured in a liquid scintillation counter.
Statistical analysis
Data are expressed as meansGS.E.M. Statistical analysis was performed using non-parametric tests. Insulin secretion data, insulin content, glucose/FFA oxidation, and ROS production measurements were analyzed using the Wilcoxon test. The real-time PCR data were analyzed using the Mann-Whitney U test. Differences were deemed significant when P!0 . 05.
Results
The effects of OA exposure on insulin secretion and total islet insulin content A large body of evidence deriving from both in vitro and in vivo studies in rodent models suggests that FFA impair insulin secretion and additionally saturated fatty acids can impair insulin gene expression (Newsholme et al. 2007b ).
The exposure of human islets to 0 . 4 mmol/l OA for 48 h did not significantly change basal insulin secretion (BSA: 98 . 3G12 . 5 versus OA: 134 . 8G31 . 7 ng insulin/mg DNA).
However, OA exposure resulted in a significant reduction in insulin secretion induced by glucose (466 . 8G81 . 7 to 234 . 8G57 . 3 ng insulin/mg DNA; Fig. 1A) . Along with the effects on insulin secretion OA also caused a significant decrease in total cellular insulin content, reducing it from
The effects of OA on global gene expression in human pancreatic islets
The changes in gene expression profiles were identified as being increased or decreased by comparing fatty acid treatment with BSA control. As shown in Fig. 3G , out of the 14 500 genes or expressed sequence tags (ESTs) analyzed by gene microarray, OA decreased the expression of 601, 561, 139, 356, and 502 and increased the expression of 239, 100, 165, 194, and 968 genes or ESTs in five independent donor microarray analyses respectively. However, OA only altered the expression profiles of 40 genes consistently in five independent experiments. Out of these 40 genes, 27 were upregulated while 13 genes downregulated (Table 1) . Table 1 shows the genes that were subsequently validated by means of real-time PCR. A total of 34 out of the 40 (85%) genes deemed significantly changed by the microarray analysis were further confirmed by the real-time PCR.
OA affected genes involved in metabolism
The development of obesity and associated insulin resistance involves a multitude of gene products, including proteins involved in lipid synthesis and oxidation. Fatty acids have a very strong direct influence on the molecular events that govern transcription. In our study, the genes involved in metabolism comprised the largest functional cluster with 25% (10 out of 40) classified in this category (Table 1) . Treatment with OA resulted in the upregulation of enzymes involved in fatty acid b-oxidation such as acyl-coenzyme A dehydrogenase, very long chain (2G0 . 16-fold); carnitine palmitoyltransferase 1 (CPT1; 3 . 77G0 . 71); acetyl-coenzyme A acyltransferase 2 (1 . 64G0 . 15); enoyl-coenzyme A hydratase, 1 (2 . 1G0 . 06); and mitochondrial trifunctional protein (1 . 72G0 . 16). Finally, a great upregulation in angiopoietin-like protein 4 (over fourfold) was observed in both microarray analysis and qPCR validation. In order to further investigate the role of OA on b-oxidation, human islets were chronically treated with OA for 48 h as a model of chronic FFA exposure. Fatty acid oxidation was upregulated by 30% in islets treated with OA compared with BSA-treated control islets ( Fig. 2A) . This finding is in accordance with the human islet transcriptional profile demonstrating an upregulation of genes of fatty acid b-oxidation (Table 1) . Additionally, as shown in Fig. 2B , OA pre-exposed islets showed a 75% reduction in their ability to G BIKOPOULOS and others . Effect of FFA exposure on pancreatic islets oxidize glucose, whereas no changes were observed in glucose oxidation under basal conditions.
OA upregulated genes involved in inflammation, oxidative stress, and transcription
Whether there is a clear role for inflammation in the development of T2D at the level of the b cell has not been ascertained. In our study, OA treatment upregulated the expression of genes involved in the generation of inflammation (Table 1) such as tumor necrosis factor receptor superfamily member 21 (1 . 47G0 . 08), fractalkine (CX3CL1; 2 . 47G0 . 11), and C-reactive protein (CRP; 1 . 42G0 . 05 ). An upregulation of enzymes involved in oxidative stress/defense was also elicited by OA treatment with the induction of catalase (1 . 7G0 . 1), metallothionein 1F (1 . 49G0 . 12), and sequestosome 1 (1 . 47G 0 . 08). Interestingly, fatty acid treatment resulted in the upregulation of aldose reductase (AKR1B10; 1 . 76G0 . 17), an enzyme that has been implicated in the pathogenesis of T2D (Srivastava et al. 2005 ; Table 1 ). OA treatment resulted in the upregulation of cMYC (1 . 54G0 . 14), a member of the MYC family of oncogenes that code for nuclear phosphoproteins that appear to promote cell growth and transformation by regulating the transcription of target genes required for proliferation (Table 1) . Fatty acids have been implicated in the formation of ROS in many models of lipotoxicity. Furthermore, increased oxidative stress has been reported to be associated with the diabetic condition in several experimental and clinical settings (Robertson et al. 2004 , Del Guerra et al. 2005 .In the present study, we further explored the role of oxidative stress because oxidative markers were upregulated in our microarray analysis.
The exposure of human islets to OA treatment (0 . 4 mmol/l) for 48 h caused a significant increase in ROS production (approximately twofold, P!0 . 05) as shown in Fig. 1C and D.
Effects of OA on glucose sensing, insulin signaling, and exocytosis
We used the real-time PCR to test for the involvement of chronic FFA exposure on the regulation of genes involved in glucose sensing, insulin signaling, fatty acid metabolism, mitochondrial function, transcription, and cell survival. Although these genes were not changed by microarray analysis, we used PCR, a more sensitive detection method that favors the detection of low-abundance genes. Supplemental Fig. 1 , which can be viewed online at http://joe.endocrinology-journals. org/content/vol196/issue3/ shows the results demonstrating that OA treatment lead to an increase in the mRNA level for uncoupling protein 2 (UCP2). In addition, we observed a modest reduction in the level of GLUT2 mRNA (0 . 74G0 . 22-fold), as well as a modest increase in the exocytotic SNARE protein syntaxin-4 (1 . 18G0 . 24-fold) mRNA levels that were not statistically significant.
Other genes unaffected by OA treatment T2D is attributed tovarious factors affecting b-cell function. The transcriptional regulation of mature onset diabetes of the young genes, pancreatic hormones, and glucose metabolism proteins was examined, as well as important islet transcription factors including the members of the family of bHLH/PAS transcription factors. Our findings revealed that OA treatment did not significantly change the mRNA levels of any of these genes (Supplemental Fig. 2 , which can be viewed online at http://joe. endocrinology-journals.org/content/vol196/issue3/).
GO annotation of gene expression among donor islets
We compared the overlap among the lists of differentially expressed genes in all five donors (Fig. 3) using the L2L Microarray Analysis Tool (Seattle, WA, USA). There are subsets of genes that are highly regulated by FFA treatment in all five donors independently of the donor-specific parameters. These subsets include signal transducers, cell growth/cell survival regulators, metabolic regulators, and importantly, regulators of immune, inflammatory, and oxidative stress responses indicating significant similarities against fatty acid-induced changes in gene transcription.
Discussion
Most of the studies addressing the effects of fatty acids on b cells have employed rat, mouse, or hamster-derived insulinoma b-cell lines or islets for in vitro studies. Although the commonly used rodent b-cell lines have provided a wealth of information and valuable insights into b-cell function in normal and pathological states, controversies still exist about the effects of increased plasma FFA concentration on human b-cell function in vivo. In order to address this issue, we have used DNA microarray technology to study the effects of OA on human pancreatic islet physiology. We compared global gene profiles of control islets (exposed to BSA only) versus islets chronically exposed to OA. Here, we provide novel evidence that OA treatment of human islets regulates multiple gene networks involved in metabolism, apoptosis/cell survival, signal transduction, response to stress, response to inflammation, immunity, and ER stress. T2D is primarily characterized by impaired insulin secretion and action. One of the early indications of the defect in insulin secretion is selective impairment in GSIS. The great majority of type 2 diabetic individuals are obese and often have elevated plasma levels of FFA (Boden 1997) , which seems to be a consequence of their expanded (Bjorntorp et al. 1969 ) and more lipolytically active (Rebuffe-Scrive et al. 1990) adipose tissue. It is well established that FFA can impair insulin action (Delarue & Magnan 2007) in peripheral tissues. However, it is less clear whether FFA can also impair b-cell function and play an important role in the defect in GSIS that characterizes T2D. OA and palmitate are the most abundant circulating fatty acids, representing 41 and 21% of the total amount of fatty acid circulating in the blood respectively (Richieri & Kleinfeld 1995) . Our results indicate that in human islets ex vivo, chronic exposure to OA causes selective loss of glucose responsiveness as shown by a marked reduction (50%) in GSIS. These results are in line with other human islet ex vivo studies that reported decreased GSIS in human islets cultured for 48 h with either 0 . 125 mmol/l palmitate or OA (Zhou & Grill 1995) . Similar results were also reported by Lupi et al. (2002b) and Dubois et al. (2004) showing suppression of GSIS from human islets after exposure for 48 h to a 2 mmol/l mixture of OA and palmitate. Although the above studies clearly indicate the loss of glucose responsiveness as a result of FFA pre-exposure, they do not differentiate the effect of each FFA subtype, i.e., monounsaturated versus saturated. In addition, since the concentration of FFA in normal human plasma in vivo generally ranges between 0 . 1 and 0 . 5 mmol/l (Roden 2004) , the majority of the aforementioned studies have used supraphysiological concentrations usually found in diabetic individuals. Our findings are unique since they are the first to investigate the effect of OA on human islet insulin secretion under physiological glucose concentrations in non-obese and non-diabetic donors. Pre-exposure to OA also reduced islet insulin content by 40% in accordance with the previously published results (Zhou & Grill 1995 , Wang et al. 2004 . The reduction of insulin content by OA in our study did not occur at the level of transcription, since insulin mRNA levels were unchanged as assessed by microarray analysis. This raises the possibility that modulation of insulin content by OA may occur at the posttranscriptional level. Moreover, OA may also have translation-independent effects on insulin content by modulation of posttranslation pathways and/or degradation of insulin.
Fatty acid-induced derangements in GSIS involve a multitude of factors including: triglyceride accumulation (Muoio & Newgard 2006) , disruption of glucose metabolism (Shoelson et al. 2007) , increased UCP2 expression (Joseph et al. 2002) , mitochondrial fuel metabolism, and generation of secretion coupling factors via pyruvate cycling pathways (Newsholme et al. 2007a) , increases in CPT1 expression (Xiao et al. 2001) , increases in the level of ROS in b cells (Koshkin et al. 2003 , and most recently the GPR40 receptor (a putative FFA receptor; Steneberg et al. 2005) . In our study, we observed a significant upregulation of genes involved in the b-oxidation of FFA (see Table 1) including CPT1 (w2 . 2-fold), which is in accordance with the previous studies (Dubois et al. 2004) . CPT1 represents a rate-limiting step for the import of long-chain fatty acids (LCFAs) into the mitochondria for b-oxidation. Activation of CPT1 may be seen either as a positive (McGarry & Dobbins 1999 , Unger & Zhou 2001 or negative (Randle et al. 1963 , Roduit et al. 2004 ) phenomenon for pancreatic b-cell function. When activated, CPT1 facilitates oxidation of LCFAs, which could prevent their accumulation as longchain fatty acyl-CoA or other lipid metabolites in the cytosol and exert an antilipotoxic effect in b cells (Unger & Zhou 2001) . Alternatively, increased oxidation of LCFAs by CPT1 activation could lead to the impairment of glucose metabolism through substrate competition, as postulated previously by the glucose-fatty acid cycle (Randle et al. 1963) , and affect the ability of b cells to sense glucose and secrete insulin. Interestingly, in our experiments, OA oxidation was significantly increased (w30%) after exposure of human pancreatic islets to this fatty acid for 48 h. Even though this may have contributed to minimize the lipotoxic effect induced by chronic exposure to OA, it was not sufficient to prevent the impairment of GSIS induced by this fatty acid. In this context, it is important to consider that glucose is the most potent nutrient secretagogue for pancreatic b cells and its metabolism is essential for coupling to occur between glucose sensing and release of insulin by b cells (Roduit et al. 2004) . It is widely accepted that an increase in the cytosolic ATP-to-ADP ratio, as a result of glucose metabolism, is an important event in this process. An increase in this ratio closes ATP-sensitive K C channels, causing depolarization of the plasma membrane. This, in turn, opens voltage-gated Ca 2C channels, causing influx of Ca 2C and exocytosis of insulin secretory granules (MacDonald et al. 2005) . Previous studies have shown that lipotoxicity in human islets leads to selective loss of glucose responsiveness with no effect on insulin secretion in response to arginine (Lupi et al. 2002a ). This suggests that FFA selectively impair the release of insulin mediated by glucose, possibly by interfering with its metabolism. In our study, we tested this hypothesis by measuring glucose oxidation in islets pre-exposed to OA. We observed a marked reduction in the ability of islets to oxidize glucose at low (2 . 8 mol/l) and high (16 . 7 mmol/l) concentrations of this substrate, which is compatible with the inhibition of GSIS induced by OA. Our findings support the hypothesis that OA-induced inhibition of GSIS may be related, at least in part, to impaired glucose metabolism by substrate competition, which is a plausible mechanism by which OA caused the suppression of GSIS in our study.
There is also compelling evidence that an increase in UCP2 expression results in the suppression of GSIS, whereas the absence of UCP2 enhances GSIS . Upregulation of UCP2 expression inhibits ATP synthesis. FFA have been shown to increase UCP2 mRNA and protein levels in b cells. As a result, ATP synthesis is reduced and GSIS is blunted (Zhang et al. 2001) . Furthermore, UCP2 knockout mice have lower fasting glucose levels and elevated circulating insulin levels when fed a high-fat diet compared with wildtype littermates (Joseph et al. 2002) . Exposure of wild-type mouse islets to palmitate reduces GSIS, whereas UCP2 K/K islets show enhanced GSIS . Our study demonstrated an increase in mRNA levels of UCP2 in human islets following OA treatment by means of real-time PCR, which is consistent with the notion that UCP2 negatively correlates with GSIS.
Oxidative stress has been shown to decrease GSIS induced by prolonged exposure to fatty acids and glucose ). The inability of b cells to respond to a glucose challenge in the presence of ROS might represent an adaptive response (also known as lipoadaptation) in an attempt to further limit ROS generation, thereby allowing the b cell to resist apoptosis. Here, we demonstrate for the first time a stimulatory effect of OA on ROS production in human islets, a finding that is in line with the previously published studies (Carlsson et al. 1999 . Additionally, increased ROS may represent a potential source of pancreatic b-cell deregulation, given the low expression of antioxidant enzymes in islets (Robertson et al. 2005) .
Several lines of evidence have established a link between inflammation and the development of obesity and T2D (Wellen & Hotamisligil 2005) . In our analysis, several genes implicated in the generation of inflammation were upregulated. These include tumor necrosis factor receptor, fractalkine, and CRP suggesting that fatty acids could act via this pathway to accelerate deterioration of b-cell function. Additionally, one important study implicates fatty acids in the induction of inflammation using microarray analysis in the murine pancreatic b-cell line MIN6 (Busch et al. 2002) . This study clearly demonstrates that palmitate and OA lead to an upregulation of transcripts involved in the inflammatory response with the former eliciting a more pronounced response than the latter.
In summary, our study of human islets chronically exposed to OA recapitulated some of the functional abnormalities observed in patients with T2D. These include: an impairment of GSIS, a reduction of total insulin content, and elevated production of ROS. In addition, our study is the first to demonstrate a direct mechanism by which elevated FFA diminish GSIS in human islets. This mechanism entails increased FFA oxidation with a concomitant decrease in glucose oxidation. Finally, our results also suggest that chronic exposure to FFA treatment of human islets mediates alterations in genes implicated in inflammation and immunity. Taken together, our findings have identified several candidate molecules for further investigation into the mechanism of lipotoxicity in human pancreatic islets.
